INTRODUCTION 43 44
Saprophytic microorganisms play an essential role in nutrient recycling of an ecosystem. In 45 terrestrial agricultural systems, plant residues returned to the fields are the major source of 46 soil organic carbon (1). About 3.4 billion tons of crop residues are produced annually 47 worldwide with 0.47 billion tons being estimated for maize (2). Decomposition of plant 48 residues is largely mediated by microorganisms such as bacteria and fungi in the soil (3); the 49 resultant nutritional carbon substrates can either support the growth of crops or be partially 50 stored in the form of soil humus. Given the importance of decomposition in soil carbon 51 sequestration, it has thus been a continued interest to elucidate the dynamic changes of 52 microbial communities during the course of residue decomposition (4-7). 53
Like many other complex microbial processes in nature, the rate of straw 54 decomposition in agricultural soils is determined by a combination of various environmental 55 factors, which include climate conditions (e.g., temperature and precipitation), biotic and 56 abiotic properties of the soil (e.g., pH, content of water and minerals, nutrients) as well as 57 tillage (4, 8, 9). Despite abundant evidence in literature detailing the effects of these 58 environmental factors on the structure and function of microbial communities, the relative 59 importance of climate (or geographic location) versus soil has yet not been assessed. Given 60 that different types of soils are commonly found in areas of similar climate and the same 61 types of soil also exist across different climate regions, knowledge with regard to the relative 62 strength of the effects (geographic location versus soil) will help for the selection of suitable 63 crops based on their decomposition qualities (2, 10, 11), with the aim of increasing the 64 amount of carbon sequestered in the soil and mitigating global climate change (12).be most powerfully addressed through studies of reciprocal soil transplantation, whereby 94 different types of soils are reciprocally transferred to different climate regions and subject to 95 parallel testing over a short or long period of time (28) (29) (30) . To this end, we performed the 96 first large-scale soil transplantation experiment under open field conditions. It involved a 97 reciprocal transfer of three agricultural soils from three geographic locations in China (see 98 details in Fig. S1 ). In this work, maize straws were placed into mesh bags and buried in the 99 same three soils located in three geographic regions, and the decomposition process was 100 chemically, physically and microbiologically monitored at 0.5, 1.0 and 2.0 years after the 101 burial. Subsequent statistic analysis of the obtained data across 3 different locations and 3 102 different soils provides a direct assessment of the relative importance of climate conditions 103 versus soil on the rate of straw decomposition and structure of the associated microbial 104 communities. 105
106

MATERIALS AND METHODS 107 108
Experimental setup of soil transplantation and straw decomposition 109 110
To dissect the impacts of climate and soil on agricultural productivity and sustainability, a 111 large-scale soil transplantation experiment was set up in October 2005, which involved three 112 7 comparison of pH values between maize straw and soil being shown in Table S3. The climate  143 conditions during the experiment are listed in Table S4 . 144
145
Chemical and microbiological analysis of straw residues 146 147 Total carbon (TC) was measured using the standard method of dichromate oxidation (31). 148
Total nitrogen (TN) was determined using the Kjeldahl method after the straw residues were 149 wet-digested with a mixture of HClO4-H2O2 (32). 150
A modified Bligh-Dyer procedure was used to extract the microbial phospholipid fatty 151 acids (PLFAs) from 1 g of wet straw (33). Briefly, raw lipids were extracted with a mixed 152 solution of methanol, chloroform and citric acid (2 : 1 : 0.8). Next the glycolipid and neutral 153 lipid fractions were removed via passage through silicic acid bonded solid-phase-extraction 154 columns (Waters, USA). The resulting phospholipids were saponified and methylated to fatty-155 acid methyl esters (FAME), which was subsequently analyzed using the MIDI Sherlock 156
Microbial Identification System (MIDI, Newark, DE, USA) with FAME 19:0 as the internal 157 standard. Proportion of each PLFAs was used for the principal component analysis (PCA) 158 (33). 159
The Biolog EcoPlate TM system (Biolog Inc., Hayward, CA, USA) was used to estimate the 160 functional diversity as previously described (34). Mashed straw residues (0.1g dry weight) 161 were resuspended into 49.9 ml sterile physiological saline. After shaking at 150 rpm for 30 162 min, the supernatant was diluted by 10-times and 150 μl was inoculated into each well of the 163 Biolog EcoPlates. The plates were then incubated at 25℃ for 6 days and absorbance at 590 164 nm was measured every 24 hrs. Data at 72 hrs showed the largest difference among 165 treatments and thus were used for the calculation of average well color development (AWCD) 166 and diversity indices (35). 167
on June 21, 2017 by guest http://aem.asm.org/
Downloaded from
Straw residues (0.1 g per sample) were homogenized under sterile conditions and total DNAs 171 were extracted using the FastDNA SPIN Kit from MP Biomedicals (Santa Ana, CA, USA) 172 following the manufacturer's recommendation. For 16S rDNA DGGE analysis general primers 173 PRBA338F (with the GC clamp) and PRUN518R were used to amplify the variable V3 region 174 of bacterial 16S rRNA (36, 37); the resultant PCR products were subject to polyacrylamide gel 175 electrophoresis with a denaturing gradient from 40% to 60%. A typical gel photo is shown in 176 Supplementary Fig. S5 . Band position and intensity -normalized using the low molecular 177 weight DNA ladder (N3233, New England BioLabs) with the assistance of program Quantity 178
One from Bio-Rad -were used to identify ribosomal genotypes and their relative abundance, 179 respectively (38). 180
The full-length 16S rDNA was amplified using a pair of universal primers 27f and 1492r 181 (39) and the PCR products were cloned into a TA-cloning vector of pMD18-T (Biocolors, 182 Shanghai). About 120 transformants were randomly selected for each straw sample in Black 183 soil and subjected to restriction fragment length polymorphism (RFLP) analysis (40). To do 184 this, the cloned 16S rDNA fragments were PCR-amplified using two primers located in the 185 vector: RV-M, 5'-GAGCGGATAATTTC-ACACAGG-3' and M13-47, 5'-186 CGCCAGGGTTTTCCCAGTCACGA-3' and PCR products were digested by two enzymes Sau3AI 187 and HhaI. Clones with unique RFLP profiles were then subjected to full-length 16S rDNA 188 sequencing at Majorbio (Shanghai, China) and the sequences of 137 clones were deposited 189 into the GenBank database under accession numbers from JQ798397 to JQ798534. work to assess bacterial diversity and they were calculated using the following equations: 196
For analysis based on DGGE data, ni is the height of a peak and N is the sum of heights for all 198 peaks in the densitometric curve; Pi is the probability of importance for all bands in a track. 199 revealed that the effects of location, soil and time are highly significant (Table S5) . 236
Decomposition appears to occur more rapidly in warm climate regions (i.e. Fengqiu and 237 Yingtan) than in Hailun, which is located in the cold temperate zone. The effects of soil type 238 are significant but relatively small when compared with the effects of location, with a general 239 trend in order from high to low rate -Black soil > Chao soil > Red soil -under the same 240 climate conditions. Of particular note is a seemingly delay of C/N ratios over mass reduction.their C/N ratios remained unchanged (data not shown) and as a result, decomposition rate 243 was detectable in terms of the loss of mass (Fig. 1B) , but not the reduction of C/N ratios (Fig.  244   1A) . Finally, the rate data was subjected to aggregated boosted tree (ABT) analysis. Results 245 shown in Table 1 indicate that location had larger effects than soil, and effect of site location 246 was even greater than time over a period of 2 years decomposition. 247 248 PLFA analysis of microbial biomass associated maize straws 249
250
Phospholipid fatty acid (PLFA) profiles were employed to estimate the microbial biomass and 251 the results are shown in Fig. 2 . Multi-factor analysis of variance showed significant difference 252 of microbial biomass by the factor of location, soil and time (Table S5 ). It is predicted that 253 microbial biomass should be high during the early stage of straw decomposition, and then 254 decline along with the decrease of available carbon sources. Such a trend was observed in 255 some instances, for example, the total biomass for Black soil in Yingtan was the highest at 256 Year 0.5, then dropped to 62.7% at Year 1 and further dropped to 26.8% at Year 2 (Fig. 2) . 257
The scores of sum biomass are highly variable among the nine treatments at Year 0.5 and 258
Year 1, and become less variable at Year 2 (coefficient of variation between treatment means 259 was calculated as 48.1%, 26.9% and 22.4% for Year 0.5, 1 and 2, respectively). 260
Soil produced a clear impact on microbial biomass, particularly for straws decomposed 261 in the mid-subtropical area (Yingtan). It showed a trend in order from the highest to lowest 262 abundance in Black > Chao > Red soils at Year 0.5 (Fig. 2) . This trend was also observed for 263 the three soils at Year 1, but not at Year 2. At Year 2, straw residues for all three soils in 264
Yingtan possessed the similar levels of microbial biomass (Fig. 2) , despite slight differences of 265 conditions of other environmental factors (i.e. soil and straw material) (42) . As expected, the 268 Year 0.5 data consistently showed that biomass in Hailun (an experimental site in the cold 269 temperate zone) is the lowest for each of the three soil types; for Black soil, in particular, the 270 biomass varied in order from lowest to highest scores in Hailun < Fengqiu < Yingtan (Fig. 2) . 271
The effects of location (and soil) on microbial biomass weakened as straw decomposition 272 progressed and no significant effects were found at Year 1 and Year 2 at the level of P < 0.05 273 (Table S6) . 274
275
CLPP analysis of microbial communities associated with maize straws 276 277
Metabolic activity of the straw-associated microorganisms was examined using the Biolog 278
EcoPlate TM system, a technique known as the community-level physiological profile (CLPP) 279 analysis (34). The ability to utilize 31 carbon sources was assessed in triplicate and the data 280 were calculated as AWCD (average well color development). Multivariate analysis showed 281 significant effects of time, climate and soil (Table S7) . 282
As shown in (Table S7 ). The data of Simpson's index are more variable than 290 that of the Shannon's index (Fig. S2) , and no general trends were observed regarding the 291 impacts of location or soil. However, there is a decrease of functional diversity over time (at 292 least in Red soil): the observed reduction of species abundance (H, 0.5 > 1 > 2 years) is 293 coupled with an increase of frequency of the dominant types (D, 0.5 < 1 ≤ 2) as the straw 294 decomposition progresses (Fig. S2) . 295 296 DGGE analysis of straw-decomposing microbial communities 297
298
Next we sought to determine the phylogenetic structure of the straw-decomposing microbial 299 community. To do this, total DNA was prepared from each of the residual samples and used 300
for PCR-amplification of 16S rDNA and subsequent DGGE analysis. Diversity was calculated 301 as the Simpson's (D) and Shannon's (H) indices. Multivariate analysis showed significant 302 effect of location but no significant effect of soil type at the level of P < 0.05 (Table S8 ). 303
The data were then plotted to show the detailed effects of location ( To assess the relative effects of location, soil and time on microbial community structure, the 314 PLFA, CLPP and DGGE data presented above were subject to ABT analysis. A total of eight 315 parameters were analyzed and the results are summarized in Table 2 . Interestingly, the ABT 316 on June 21, 2017 by guest http://aem.asm.org/ Downloaded from data consistently showed that geographic location has larger effects than soil on microbial 317 communities; the only exception is total biomass which was affected by location and soil at 318 the similar levels of ~30% (Table 2) . Excluding this exception, soil exerts the smallest effect 319 on microbial communities, when compared with location and the time of decomposition. The 320 effect of time is moderate and only in two measures (total biomass and the Simpson's index 321 of CLPP) the time of decomposition produced the largest effects. A detailed analysis of 322 location, soil and time on each of the eight parameters is provided in Fig. S4 . Taken together, 323
we conclude that the structure of microbial communities associated with maize straw 324 decomposition was predominantly determined by the factor of geographic location rather 325 than soil type. 326
Furthermore, principal component analysis (PCA) was used to compare the effects of 327 location and soil over time. The results are presented in Fig. 4 , with the three locations (or 328 climates) being represented by three different shapes, the three soil types by three different 329 colors. The analysis revealed two significant findings. Firstly, for all 9 datasets (from Fig. 4a to 330 Fig. 4i ), where the microbial communities can be separated from each other, they are 331 primarily grouped by shape, not by color, for example the PLFA data in Year 2 (Fig. 4c) . 332 Therefore, the results of PCA analysis support the general conclusion drawn from the ABT 333 analysis that the effects of location were larger than soil on decomposing microbial 334 communities. 335
Secondly, the CLPP data in Year 2 (Fig. 4f) shows that the microbial communities are 336 very similar (with the only exception of Red soil in Fengqiu); however, both the PLFA and 337 DGGE analysis (Fig. 4c and Fig. 4i community can thus be made (Fig. S6) . The calculated Shannon's and Simpson's indices are 356 consistent with the results of DGGE described above and particularly, they displayed opposite 357 effects (data not shown). Moreover, similarities of the bacterial populations were compared 358 using the calculated Sørensen similarity index, and results showed that population similarity 359 decreases over time in each location (Table S9) . The finding that straw-decomposing microbial communities was predominantly affected by 384 location rather than soil raises a significant question: does the same hold for microbial 385 communities in the bulk soil? To this end, we analyzed the soil samples from the same sites at 386 time 0 and also at the end of the experiment (Year 2), using 16S rDNA DGGE analysis. Of 387 particular note are the soil microbial communities at time 0, which represent the founding 388 microorganisms for straw decomposition. The same bunch of fresh maize straws had been 389 subjected to heat-drying at 60 o C for 24 hours before they were distributed to different 390 on June 21, 2017 by guest http://aem.asm.org/ Downloaded from locations for burial. Therefore, microorganisms that survived from the heat drying would be 391 negligible and consistent across all the treatments. 392
Results of the PCA analysis based on the DGGE data clearly shown that at time 0 (i.e., 2.5 393 years after the soil transplantation) the microbial communities in soils remain closely related 394 to each other for each soil at different locations (Fig. 6A) . At Year 2 of the decomposition 395 experiment (i.e., 4.5 years after transplantation) the soil microbial communities are still 396 primarily grouped by soil type, however, cumulative succession to climate change has been 397 observed, particularly for soils in Yingtan (Fig. 6B) . Intriguingly, Yingtan is the warmest 398 climate region involved in this study; the noticeable convergence of soil microbial 399 communities in Yingtan thus suggest that microbial succession to climate change occurred 400 more rapidly from low to high thermal areas, when compared with change from high to low 401 thermal areas. Nevertheless, a comparison of the DGGE data presented in Fig. 4 and Fig. 1 ) and the community structure of decomposing 422 microorganisms were primarily determined by the geographic locations rather than the soil 423 types (Table 2 and Fig. 4) . 424
The finding that a relative smaller, albeit significant, effect was observed for soil type 425 is very surprising. Firstly, soil was the major (if not all) source of microorganisms involved in 426 straw decomposition and in particular, the initial breakdown was performed by pre-existing 427 enzymes and microbes in the soil (3). It had thus been our original prediction that the 428 microbial communities should be grouped primarily by soil types, at least in the early stages 429 of straw decomposition. In fact, the microbial communities from the same climate regions 430
were closely related to each other even at 0.5 years after the burial (Fig. 4) . This raises the 431 possibility that the climate-provoked successive changes of the microbial community in soil 432 may have occurred rapidly within the first 2.5 years of transplantation, before the straw 433 decomposition experiments started in 2008 (Time 0). However, our subsequent analysis of 434 the microbial communities in bulk soil indicates that this was not the case: at time 0, the 435 initial communities for straw decomposition from the surrounding soils were similar for each 436 type of soils in different locations (Fig. 6A) . 437
Secondly, the three soils tested in this work represent three local agricultural soils 438 from the south to north parts of China. Their chemical properties differed significantly prior 439 to the soils being translocated (Table S1 ) and remained distinct from each other during thethe three soils in the same location (e.g., pH 5.80 for Red soil, pH 7.68 for Chao soil and pH 442 6.26 for Black soil in Hailun), and more than three-times higher levels of available nitrogen 443 for Black soil than Chao and Red soils (Table S2 ). The close relatedness of straw-444 decomposing microbial communities for three different soils in the same climate region (Fig.  445   4) -also the divergence of microbial communities for the same soil in three different climate 446 regions -strongly suggests that dynamic change of the microbial communities is driven by 447 climate factors associated with the geographic locations; the effects of soil type are 448 surprisingly small. 449
The observed high impacts of geographic location are in general agreement with many 450 reports that highlight the importance of temperature in the decomposition of soil organic 451 matter (20, 48, 49). As expected, maize straw decomposition occurred more slowly in cold 452 climate region (Hailun) than in the two warm regions Fengqiu and Yingtan (Fig.1) . However, 453 from our data it is unclear how the levels of bacterial diversity are determined by climate 454 factors. For a given soil type and time point, no general trends were observed along thermal 455 gradient; wherever a trend can be found, it either changed over time or did not hold for 456 another soil type. As an example of the Shannon's index of DGGE data (Fig. S3) Yingtan, the data consistently suggest that both Gammaproteobacteria and 495
Alphaproteobacteria can be considered as copiotrophs. Similarly as previously observed in 496 wheat straw decomposition (52, 53), Deltaproteobacteria and Acidobacteria behaved like 497 oligotrophs with higher abundance in later stages or warmer regions. Intriguingly, 498
Sphingobacteria increased in frequency in Yingtan, as expected for an oligotroph; however, 499 the trend did not hold in the other two sites, and in Year 0.5 the proportion of 500
Sphingobacteria was the lowest in Yingtan, which was unexpected due to its relatively higher 501 extent of decomposition ( Fig. 1 and Fig. 6 ). In a previous work by Fierer et al. (50) , 502
Betaproteobacteria was assigned into the copiotroph category, showing a positive 503 relationship between its relative abundance and soil carbon availability. However, opposite 504 dynamics were observed in this work for Betaproteobacteria, with an increase of frequency in 505
Hailun but a decrease of frequency in Yingtan. 506
The inconsistency of Sphingobacteria and Betaproteobacteria at different sites suggest 507 that temperature likely plays a very important role in determining the ecological behaviors of 508 bacteria and their ecological attributes may differ under different climate conditions. 509
Responses to changes of temperature may vary between fast grower and slower growers 510 under similar nutritional conditions. Certain microbes may thus have adopted contrasting 511 strategies to maximize its fitness in both warm and cold climate regions.
(or geographic location) played a larger role than the properties of soil in determining the 514 rate of straw decomposition and also the structure of the associated microbial communities 515 (bacteria in particular). Given the crucial role of plant residues in global carbon sequestration 516 and climate change mitigation (54), the empirical data presented here provides useful 517 information to guide the estimation or modeling of global carbon cycling in soil in the context 518 of climate changes. Furthermore, our data suggest that microbial succession to climate 519 change for communities in bulk soil was relatively slow (only observed in this study for soils 520 transferred to the warmer region, Yingtan). The observed different responses between 521 microorganisms in bulk soil and those involved in straw decomposition can be partially 522 explained by the chemical and physical difference of the niches, pH in particular (Table S3) , 523
and also the differential growth of a subset of microorganisms that was stimulated by the 524 supplementation of nutritional substrates derived from the straw residues. Next it will be 525 interesting to know whether or not the observation with maize straw holds for other crop 526 residues and also in later stages of the decomposition. One ongoing aspect associated with 527 this reciprocal soil transplantation project is to examine the decomposition of wheat 528 residues. 529 and second principal components were shown with standard errors of three repeats. Residue samples from different geographic sites and soils are differentiated by the shape and color of the symbols respectively: Hailun (square), Fengqiu (triangle) and Yingtan (circle); Black soil (black), Chao soil (brown) and Red soil (red). 
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